CoO/Fe/Ag(001) films were grown epitaxially and studied by X-ray Magnetic Circular Dichroism (XMCD) and X-ray Magnetic Linear Dichroism (XMLD). After field cooling along the Fe[100] axis to 80 K, exchange bias, uniaxial anisotropy, and 4-fold anisotropy of the films were determined by hysteresis loop and XMCD measurements by rotating the Fe magnetization within the film plane. The CoO frozen spins were determined by XMLD measurement as a function of CoO thickness. We find that among the exchange bias, uniaxial anisotropy, and 4-fold anisotropy, only the uniaxial magnetic anisotropy follows thickness dependence of the CoO frozen spins.
I. INTRODUCTION
Exchange bias 1 in ferromagnetic (FM)/antiferromagnetic (AFM) systems has been one of the most intensely studied topics in nanomagnetism research because of its importance to spintronics technology. 2 While it is well acknowledged that it is the AFM layer that induces the exchange bias, 3 it remains a mystery on how the induced exchange bias and other types of magnetic anisotropies in the FM layer depend on the specific AFM spin configurations. Early theories were aimed to single out the physical origin of the exchange bias by using over-simplified AFM spin structures. [4] [5] [6] [7] These models were soon replaced by more sophisticated models that are believed to better represent realistic experimental systems. [8] [9] [10] In many experiments, most of the early measurements are on the FM-layer hysteresis loops to study the pinning effect, [11] [12] [13] training effect, [14] [15] [16] and finite-size effect, 17, 18 etc. One important issue in these studies is how the AFM/FM interfacial coupling determines the FM-layer exchange bias and the magnetic anisotropies. Doping the AFM layer with nonmagnetic elements [19] [20] [21] and studying a FM/AFM/FM trilayer 22 show that the exchange bias is influenced by the AFM bulk-spin structure, although the direct FM/AFM interaction comes from the interface. Recognizing that measurement on the FM layer provides only indirect information on the AFM spins during the FM-magnetization reversal, X-ray Magnetic Circular Dichroism (XMCD) and X-ray Magnetic Linear Dichroism (XMLD) 23 have recently been applied to measure both the FM and the AFM layers using element-specific measurements. XMCD measurement shows that there exists a small amount of uncompensated spins in the AFM layer, 24 and that only a small percentage of the uncompensated spins is pinned to account for the exchange bias. [25] [26] [27] [28] Furthermore it is found that these pinned uncompensated AFM spins actually extend into the AFM layer, 29 supporting the FM-layer measurement result that the whole AFM layer matters to the exchange bias. This result suggests that the AFM-spin structure during the FM-layer magnetization reversal is very important to the AFM-induced exchange bias and magnetic anisotropies in the FM layer. Recently, XMLD was applied to directly probe the AFM-compensated spins during the FM-layer magnetization reversal. 30 The result shows that there exists two types of CoO spins in the Fe/CoO system with respect to the Fe-magnetization change: rotatable spins and frozen spins. Although it is expected that the rotatable spins occur at thinner CoO thickness and the frozen spins occur at thicker CoO thickness, it is surprising that neither the exchange bias nor the coercivity of the Fe film follows the amount of frozen spins in the CoO layer. 31 This discovery suggests that the induced exchange bias and the magnetic anisotropies come from different origins of the AFM spins. In fact it has been noticed that the exchange bias and the magnetic coercivity of the FM layer have very different and complicated dependence on the AFM-layer thickness, 31, 32 on the spacer layer between the FM and AFM layers, 33 and on the temperature. 34 The interesting question is this: How do the rotatable and frozen CoO spins determine the different types of magnetic anisotropies and specifically which type of magnetic anisotropy is directly correlated to the frozen spins of the CoO layer? A clarification of this issue obviously requires a separation of different types of the magnetic anisotropies in experiment so that it is possible to compare each of the anisotropies with the frozen spins in the AFM layer. In this paper we report an experimental study of CoO/Fe/Ag(001) single crystalline thin films. Using XMLD measurements within a magnetic field parallel and perpendicular to the field cooling direction, we are able to separate the rotatable and frozen spins in the CoO layer. Using XMCD measurements with a magnetic field rotating within the film plane, we are able to separate the exchange bias (unidirectional), uniaxial, and the 4-fold magnetic anisotropies of the Fe film. We find that only the uniaxial magnetic anisotropy follows the CoO frozen spins.
II. EXPERIMENT
A Ag(001) single-crystal substrate was cleaned in an ultrahigh vacuum system by cycles of Ar ion sputtering at ∼2 keV • to the sample surface. We fixed the polarization of x ray to right circular polarization when taking the x-ray absorption spectrum (XAS). After dividing Fe L2-peak by L3-peak intensities, we get the XMCD signal and plot it as a function of applied magnetic field (in the x-ray incident plane) to obtain the Fe-magnetic hysteresis loop.
III. RESULTS AND DISCUSSION
The sample was cooled down to 80 K from RT within a 4000-Oe external magnetic field applied in the Fe in-plane [100] axis. The cooling field direction is in the film plane and could be either in or perpendicular to the x-ray incident plane. . The difference between the two loops for CoO thickness thicker than 2.5 nm shows the existence of a uniaxial magnetic anisotropy with the easy-magnetization axis parallel to the field-cooling direction.
1.5 nm. As d CoO increases to 4 nm, the Fe hysteresis loop is obviously an easy-axis loop with a full remanence for field parallel to the field-cooling direction, and a hard-axis loop with near zero remanence and a high saturation field for field perpendicular to the field-cooling direction. This characteristic of the hysteresis loops represents a magnetic system with a uniaxial magnetic anisotropy whose easy magnetization axis is along the field-cooling axis. Thus we conclude that the field cooling induces a uniaxial anisotropy to the Fe film at d CoO > 1.5nm. The critical value of d CoO = 1.5 nm must depend on temperature, as uniaxial anisotropy should obviously disappear above the CoO Néel temperature. Unfortunately our limited beam time will not allow us to do a temperature-dependent study. Fortunately a systematic temperature-dependent study on the anisotropies was already performed on a Co/FeF 2 system, 34 although XMLD cannot be applied to a FeF 2 layer. We also notice an exchange-bias field of 300 Oe in the d CoO = 4.0 nm sample, which is quite similar to the value reported in the literature. 31 The hysteresis-loop result suggests that the AFM order of the CoO film after field cooling induces different Fe-film magnetic anisotropies at different CoO thicknesses. Recognizing the 4-fold symmetry of the CoO/Fe/Ag(001) system, the only possible effect of the CoO film during a field cooling in the Fe[100] direction is to generate an exchange bias (unidirectional anisotropy K 1 ), uniaxial anisotropy (K 2 ), and a 4-fold magnetic anisotropy (K 4 ), the hysteresis-loop result in Fig. 1 shows that the CoO AFM order after field cooling in the Fe[100] direction produces K 4 only in thin CoO thickness regime but produces all K 1 , K 2 , and K 4 in thick CoO regime. In a previous work we showed that the CoO spins consist of rotatable and frozen spins with respect to the Fe-magnetization rotation, the amount of the frozen spins increases with the CoO thickness, and the exchange bias is not directly correlated to the CoO frozen spins. 31 Then the interesting question is which of the K 1 , K 2 , and K 4 is directly correlated to the CoO frozen spins? To answer this question, we need to determine all K 1 , K 2 , and K 4 as a function of CoO thickness.
While K 1 can be determined directly from the exchange bias of the hysteresis loop along the field-cooling direction and K 2 can be estimated from the saturation field of the hard-axis loop, the value of K 4 is not directly proportional to the coercivity of the hysteresis loop. One approach to determine the K 2 and K 4 values is to fit the hard-axis hysteresis loop by assuming a coherent rotation of the Fe magnetization during the saturation process. 34, 35 The disadvantage of this method is that it does not apply to hysteresis loops involving domain formation during the magnetization reversal, especially to hysteresis loops with nonzero coercivity.
A better method to determine the magnetic anisotropy is to rotate the Fe magnetization within the film plane with a constant magnetic field and to determine the Fe-spin direction relative to the external magnetic field (in reality to determine the projection of the Fe spin onto a specific in-plane direction). This method is based on the principle of balancing the total magnetic torque exerted on the magnetic thin film 36 and has been successfully exercised in the Rotating-of-Field MagnetoOptic Kerr Effect (ROTMOKE) 37, 38 and the measurement of angular dependent planar-Hall resistivity. 39, 40 To illustrate how this method works, consider the energy of a magnetic thin film within an external magnetic field, which is strong enough to 094447-2 bring the FM film into a single domain state,
Here H is the external magnetic field, θ H and θ are the in-plane angles of the external magnetic field and the Fe magnetization with respect to the field-cooling direction,
H 4 sin 4θ. (2) Therefore, an experimental determination of the magnetization projection angle θ at each magnetic field angle θ H will allow a determination of H ex , H 2 , and H 4 by fitting the experimental curve using Eq. (2).
At beam line 4.0.2, the eight-pole magnet design 41 allows an element-specific XMCD measurement of the Fe magnetization by rotating a magnetic field within the film plane. Figure 2(a) shows the measurement geometry of our experiment. With the cooling-field direction perpendicular to the incident x-ray plane, we measured the projection of the Fe magnetization in the direction of incident x-ray beam (I MCD ∝ M sin θ ). 42, 43 Thus the in-plane azimuthal angle of the Fe magnetization can be deduced from θ = sin than at θ H = 90
• and θ H = 270
• , showing an appreciable difference between θ and θ H , which is an indication of the existence of the magnetic anisotropy in the CoO/Fe/Ag(001). Figure 2(c) is the torque curve l(θ ) as a function of the azimuthal angle (θ ) of the Fe magnetization deduced from Fig. 2(b) . By fitting the torque curve of Fig. 2(c Fig. 2(c) ] agrees very well with the experimental data and yields the values of H ex = 305 ± 27 Oe, H 2 = 2184 ± 39 Oe, and H 4 = −1997 ± 89 Oe. The XMCD measurement and fitting process are performed at different CoO thicknesses, and the result is shown in Fig. 3 . The exchange-bias field obtained directly from the easy-axis hysteresis-loop measurement is also shown in Fig. 3 . The H ex obtained from the hysteresis loop agrees very well with the fitting result of H ex , showing the validity of using the fitting procedure to obtain H ex . To justify the values of the H 2 and H 4 , we calculate the hard-axis hysteresis loops at d CoO > 2.5 nm (where the hard-axis character of the hysteresis loop becomes obvious) using Eq. (2) with the fitting values of H ex , H 2 , and H 4 and M/M S = sinθ . The calculated result is shown as the S curves (red solid lines) in Fig. 4 . The segment of the S curve with negative H-M slope corresponds to a local high-energy state, which should lead to a jump of the magnetization giving rise to a nonzero coercivity. 35 The calculated curve (the segment of positive slope) agrees excellently with the experimental hysteresis loops, adjusting the method of fitting procedure for H 2 and H 4 as well as the method of obtaining H 2 and H 4 by fitting the hard-axis hysteresis loop exercised in Ref. 34 .
Although CoO AFM order during the field cooling induces H ex , H 2 , and H 4 , their different d CoO dependences (Fig. 3) show that the CoO spins induce these three quantities differently. It is also interesting to notice that the 4-fold anisotropy of the Fe film (H 4 ) undergoes an orientation transition with increasing XMLD effect. 47 Figure 5 (a) and 5(b) present the XAS for CoO(2nm)/Fe/Ag(001) sample and the corresponding XMLD spectrum. The R 3 value is higher at E⊥ M F e than at E// M F e , where E is the x-ray polarization vector showing that the CoO spins are coupled perpendicularly to the Fe spins. 31 As the x-ray polarization → E is fixed to the Fe[010] axis and the Fe magnetization is rotated by a 4000-Oe external magnetic field from the Fe[100] to Fe[010] direction, the nonzero XMLD signal shown in Fig. 5(b) indicates that the CoO spins also rotate with the Fe-spin rotation, i.e., the CoO spins are rotatable in this sample. In contrast the XAS of the CoO(4nm)/Fe/Ag (001) With this definition R 3 should be proportional to the amount of rotatable CoO spins and reach its maximum value at 100% rotatable spins and minimum value at 100% frozen spins. It should be mentioned that although XMLD measurement in our experiment is a surface-sensitive technique, our previous result shows that the measurement under our given condition can probe at least 6-nm-thick CoO 31 to justify our method in determining the CoO frozen spins. Also 100% frozen spins here should really mean no detectable spins within the experimental error. From our previous experimental result (Ref. 31) our experimental sensitivity is ∼0.5 ML. Figure 6(a) shows the result of R 3 as a function of CoO thickness from which the percentage of the CoO frozen spins are deduced and shown in Fig. 6(b) . The CoO spins are completely rotatable at d CoO < 2 nm, partially frozen at 2.2 nm < d CoO < 3.5 nm, and completely frozen at d CoO > 3.5 nm. This result is consistent with our previous result. 31 By comparing the results of Fig. 3 and Fig. 6 , it is easy to realize that only the uniaxial anisotropy of the Fe film follows the (001) is directly related to the CoO frozen spins. This result can be understood by the fact that only when the CoO spins are frozen due to the field cooling, the CoO spins are able to break the 4-fold symmetry of the CoO/Fe/Ag(001) system to generate a uniaxial (2-fold) anisotropy. In contrast if all CoO spins are completely rotatable, the CoO spins will follow the Fe-spin rotation so that they will not break the 4-fold symmetry of the system to generate a uniaxial anisotropy. From this mechanism the uniaxial anisotropy will be the energy needed to overcome the CoO/Fe interfacial coupling by rotating the Fe spin by 90
• from the field-cooling direction. This scenario corresponds to the "spin-flop" mechanism in an antiferromagnet and has been proposed theoretically for the uniaxial magnetic anisotropy due to the AFM/FM interfacial interaction. 7 In experiment [48] [49] [50] the strength of the uniaxial anisotropy attributable to the AFM/FM coupling could vary from several tens of Oe in NiMn/Co 50 and NiO/Ni 51 to several hundreds of Oe in Fe/MnPd, 48 NiFe/NiO, 49 and Ni 8 1Fe 1 9/Cr 2 O 3 . 52 The strength of the uniaxial anisotropy in our CoO/Fe/Ag(001) system after field cooling is above 3000 Oe, which is much greater than the previous experimental data. This may be due to the epitaxial-growth nature of our sample and the strong CoO magnetic anisotropy (∼2. Figure 6 shows that the exchange bias and the 4-fold anisotropy are not correlated to the CoO frozen spins as closely as the uniaxial anisotropy. Although the exchange bias must come from the CoO AFM spin structure during the field cooling, H ex already develops to 50-70% of its saturation value before the CoO film develops detectable frozen spins. In our previous work 31 we estimated that 5% CoO frozen spins are already responsible for ∼2/3 of the exchange bias. There is no theoretical explanation yet on this fact and needs future investigation to fully understand the mechanism. Different from the exchange bias and the uniaxial anisotropies, a 4-fold magnetic anisotropy does not break the 4-fold rotation symmetry of the CoO/Fe/Ag(001) system so that frozen spins are not a necessary condition for the CoO to induce a 4-fold anisotropy. That explains why the Fe coercivity enhancement occurs at very thin CoO thickness where there is no exchange bias and uniaxial anisotropy and the CoO spins are completely rotatable. In fact a rotation of the CoO spins together with the Fe spins has to overcome not only the Fe anisotropy but also the CoO anisotropy. 55 The interesting observation of Fig. 3(c) is that the sign of the 4-fold anisotropy changes at d CoO = 1.7 nm. We cannot associate this phenomenon with the CoO frozen spins because the H 4 does not follow the same thickness dependence of the CoO frozen spins. The sign change of the 4-fold anisotropy was reported in the FeMn/Co/Cu(001) system and was attributed to step-induced uncompensated spins at the AFM surface. [44] [45] [46] We do not know if the same mechanism accounts for the CoO/Fe/Ag(001) system. Further theoretical explanation is needed to explain our data.
IV. SUMMARY
In summary epitaxial CoO/Fe/Ag(001) films were grown and investigated using XMCD and XMLD after field cooling the sample to 80 K within an external magnetic field in the Fe[100] direction. We find that the CoO layer could induce unidirectional, uniaxial, and 4-fold anisotropies in the Fe film. Using XMCD measurement by rotating the Fe magnetization 360
• within the film plane, we determine the dependence of the unidirectional, uniaxial, and the 4-fold anisotropies on the CoO thickness. XMLD was used to determine the amount of CoO frozen spins as a function of the CoO thickness. By comparing the magnetic anisotropies with the Co-frozen spins, we find that only the Fe uniaxial magnetic anisotropy is correlated with the CoO frozen spins.
